Abstract Increased oxidative stress has been observed to contribute the development of insulin resistance. Oxidative stress is known to increase the conversion of deoxyguanosine (dG) to 8-hydroxy-2¢-deoxyguanosine (8-OHdG). Human 8-oxoguanine glycosylase (hOGG1) is the key component responsible for the removal of 8-OHdG from oxidatively damaged DNA. The repair activity of the hOGG1 Ser 326 Cys gene variant has been demonstrated to be lower than that of the hOGG1 Ser/ Ser genotype. Therefore, the possible association of the hOGG1 Ser 326 Cys gene variant with insulin sensitivity was investigated in 279 normal glucose-tolerant subjects without history of cancer. Allele frequency was 21.5% for the Ser/Ser genotype (n=60), 45.9% for the Ser/Cys genotype (n=128), and 32.6% for the Cys/Cys genotype (n=91). Subjects carrying the Cys/Cys genotype had significantly lower insulin sensitivity levels, assessed by homeostasis model assessment-insulin resistance (HOMA-IR), compared with the Ser/Ser and Ser/Cys genotypes (P<0.001 and P<0.001, respectively). In a multiple linear regression analysis, the Cys/Cys genotype was a significant determinant of HOMA-IR, independent of age, sex, body mass index, fasting plasma cholesterol, triglyceride, HDL cholesterol, LDL cholesterol, or hypertension. The present study indicates that the hOGG1 gene Cys/Cys variant is associated with a significant decrease in insulin sensitivity in subjects with normal glucose tolerance.
Introduction
Insulin resistance (IR) has been thought to be the core of several metabolic abnormalities, such as glucose intolerance, dyslipidemia, high blood pressure, abdominal obesity, and inflammatory state (Grundy 1999) . The contribution of genetic (Moller et al. 1996) and environmental (Paolisso et al. 1999) factors to the development of IR has been widely recognized. Several studies have demonstrated that oxidative stress may impair insulin action (Bruce et al. 2003; Ceriello et al. 2004; Evans et al. 2003; Rudich et al. 1998; Talior et al. 2003) . In particular, elevated free radical levels were found to impair insulin-induced glucose transporter-4 translocation in adipocytes, resulting in a degree of IR (Rudich et al. 1998) . However, the identity of the genes involved has not been fully elucidated.
Reactive oxygen species (ROS) can directly damage cells by oxidizing protein, lipid and DNA (Breen and Murphy 1995) . ROS cause strand breaks and base modifications in DNA, including the oxidation of quinine residues to 8-hydroxy-2¢-deoxyguanine (8-OHdG) (Norbury and Hickson 2001) . Human 8-oxoguanine glycosylase (hOGG1) is the key component responsible for the removal of 8-OHdG in DNA (Bruner et al. 2000) . Previous studies have revealed the presence of several polymorphisms within the hOGG1 locus (Kohno et al. 1998) . Among them, a common polymorphism has been shown to confer a functional difference. A C to G nucleotide transition at position 1,245 in exon 7 of the hOGG1 gene is associated with the substitution of cysteine (Cys) for serine (Ser) at codon 326. As initially shown in an Escherichia coli complementation assay, the DNA repair activity of hOGG1-Cys 326 protein is lower than that of hOGG1-Ser 326 (Kohno et al. 1998) . Lee et al. (2005) recently demonstrated that the Cys/Cys hOGG1 genotype represents a phenotype that is deficient in 8-OHdG repair. Therefore, subjects with a hOGG1 Cys/Cys genotype are thought to have decreased capacity to repair oxidative DNA damage. The present study investigated the hOGG1 Ser 326 Cys gene variant in subjects with normal glucose tolerance in order to assess association of hOGG1 gene variability with insulin sensitivity.
Materials and methods

Study protocol
Two hundred and seventy-nine subjects (136 males and 143 females; mean age, 45.3±10.5 years) volunteered. All individuals are resident in Taiwan. According to World Health Organization criteria, all subjects met the following inclusion criteria: absence of glucose intolerance (fasting plasma glucose <100 mg/dl and 2-h plasma glucose <140 mg/dl) and no cancer history. Clinical and laboratory examinations were performed on these subjects. Systolic and diastolic blood pressure was recorded by standard mercury sphygmomanometer. Hypertension was defined as systolic blood pressure >140 mmHg and/or diastolic pressure >90 mmHg or current treatment with antihypertensive drugs. Weight and height were measured by standard techniques. Body mass index (BMI) was calculated as weight divided by height squared (kg/m 2 ). After at least an 8-h fast, blood samples were collected from all subjects. Plasma glucose, insulin, triglyceride, total-cholesterol, LDL and HDL cholesterol were determined by the Clinical Research Center at Kaohsiung Medical University Hospital following standard laboratory protocols. In these subjects, the IR index of homeostasis model assessment (HOMA) was calculated as follows: HOMA-IR = fasting serum insulin level (lU/ ml) · fasting plasma glucose level (mmol/l)/22.5 (Haffner et al. 1997) . The protocol was approved by the Ethical Committee of the Kaohsiung Medical University Hospital.
Genotyping assays
Genomic DNA was prepared from blood leukocytes by established methods. We determined the identity of each study subject's hOGG1 Ser 326 Cys alleles by polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) analysis. PCR primers were as follows: forward 5¢-AGGGGAAGGTGCTTGGGG-AA-3¢ (corresponding to nucleotides 8,974 through 8,993 of hOGG1 intron 6 DNA sequences; GenBank accession #HSA131341) and reverse 5¢-ACT-GTCACTAGTCTCACCAG-3¢ (corresponding to nucleotides 9,157 through 9,176 of hOGG1 exon 7 sequences; GenBank accession #HSA131341), which amplify the exon 7 region in which the Ser 326 Cys fragment is located. PCR amplification products were obtained using 25-ll reactions (0.2 lg genomic DNA, 0.4 lmol/l primers, 0.2 mmol/l each of deoxy-ATP, -GTP, -CTP, and -TTP, 2 mmol MgCl 2 , 0.5 U Taq DNA polymerase, 50 mmol/l KCl, 0.001% gelatin, and 10 mmol/l Tris-HCl; pH 8.3). PCR consisted of an initial denaturation step for 5 min at 94°C, 35 cycles of denaturation for 20 s at 94°C, primer annealing for 20 s at 60°C, and primer extension for 40 s at 72°C, followed by a final extension step for 7 min at 72°C in a thermalcycler (Gene Amp PCR System 9600; Perkin-Elmer, Foster City, CA). After digestion with Fnu4H I, all PCR products were visualized following electrophoresis on a 3% agarose gel and ethidium bromide staining. Digestion of PCR products yielded bands of 200 bp in Ser/Ser homoygotes, 100 and 200 bp in heterozygotes, and 100 bp in Cys/Cys homoygotes.
Statistical analysis
All data were presented as means ± standard deviation (SD). Statistical analyses were performed using the Statistical Package for the Social Sciences program (SPSS for Windows, version 8.0.1; SPSS, Chicago, IL). Genotype distribution and allele frequencies were compared to the Hardy-Weinberg equilibrium model using the Pearson v 2 test. The statistical significance of differences in mean values was analyzed by unpaired Student's t test. ANOVA was used, followed by Tukey test, to analyze differences among the three genotype groups. Multivariate analysis allowed us to investigate the independent contribution of age, gender (male=0, female=1), BMI, fasting plasma total cholesterol, triglycerides, HDL cholesterol, LDL cholesterol, hypertension (hypertension=1, no hypertension=0), and hOGG1 gene polymorphism (Cys/Cys=1, Ser/Cys + Ser/Ser=0) on degree of HOMA-IR. The association among those variables and hOGG1 polymorphism was studied using multiple linear regression. A level of P<0.05 was considered significant. Because the repair activity of DNA oxidative damage in the Cys/Cys genotype is lower than that in individuals carrying the Ser/Ser or Ser/Cys genotype, subjects were grouped into the Cys group (Cys/Cys) or the Ser group (Ser/Ser and Ser/Cys). Comparing these two groups (Table 2) , mean age, BMI, fasting plasma glucose, total plasma cholesterol, plasma triglyceride, LDL-cholesterol, HDL-cholesterol, systolic and diastolic blood pressure values are not significantly different between the Ser and Cys group. Fasting plasma insulin, HOMA-IR and HOMA-BC levels were significantly higher in the Cys allele group than the corresponding values in the Ser group (P=0.001, P=0.001 and P=0.02, respectively). To investigate the independent contribution of the Cys/ Cys genotype to the degree of IR, multivariate linear regression analysis with HOMA-IR as the dependent variable was performed. The Cys/Cys genotype (P=0.001) was independently and significantly associated with the degree of IR (Table 3) .
Results
Genotype
Discussion
Our study demonstrates that insulin sensitivity in subjects with normal glucose tolerance carrying the hOGG1 Cys/Cys genotype group is significantly decreased compared to that in subjects with Ser/Ser and Ser/Cys genotype groups.
IR is known to constitute the core of several metabolic abnormalities, such as glucose intolerance, dysli- pidemia, high blood pressure, and obesity (Grundy 1999) . The mechanisms that mediate the development of IR in healthy subjects are still not fully elucidated. Genetic (Moller et al. 1996) and environmental (Paolisso et al. 1999 ) factors may play a role. A recent line of evidence has indicated that increased generation of oxidative stress may also be a common pathogenetic factor mediating the appearance of IR (Bruce et al. 2003; Ceriello et al. 2004; Evans et al. 2003; Rudich et al. 1998; Talior et al. 2003) . In a variety of tissues, elevated glucose and free fatty acid levels result in the generation of ROS and, consequently, increased oxidative stress (Maddux et al. 2001; Tretter and Adam-Vizi 2000) . ROS directly damage cells by activating a variety of stress-sensitive intracellular signaling pathways such as NF-jB, p38 MAPK, JNK/SAPK, PKC, and others (Ogihara et al. 2004; Tretter and Adam-Vizi 2000) . It has also been demonstrated that oxidative stress may result in IR via a similar intracellular signaling pathway (Bruce et al. 2003; Ceriello et al. 2004; Evans et al. 2003; Rudich et al. 1998; Talior et al. 2003) . Conversely, antioxidant substances have been found to increase glucose transport in muscle cells by stimulating translocation of glucose transporter 4 from the cytosol to the plasma membrane (Pleiner et al. 2002; Rudich et al. 1999) . Human hOGG1 is the key component responsible for the removal of 8-OHdG from damaged DNA (Bruner et al. 2000) . The hOGG1 Ser 326 Cys polymorphism, with a C to G nucleotide transition at position 1,245 in exon 7 of the hOGG1 gene, was shown to confer a functional difference on the protein. It has been proved in an E. coli complementation assay that the DNA repair activity of hOGG1-Cys 326 protein is lower than that of hOGG1-Ser 326 (Kohno et al. 1998) . In human subjects, it was also found that the repair activity of individuals with the hOGG1 Cys/Cys genotype was significantly lower compared with that of individuals with the Ser/Ser or Ser/Cys genotype (Lee et al. 2005) . Therefore, these investigations indicate that the hOGG1 Cys/Cys allele leads to reduced repair enzyme activity to remove 8-OHdG; the resulting accumulation of 8-OHdG might aggravate oxidative stress. Accordingly, whether the elevated oxidative stress caused by the reduction in 8-OHdG removal influences insulin sensitivity is worthy of further clarification. Our study showed that HOMA-IR values in normal glucosetolerant subjects carrying the Cys/Cys allele were significantly higher than those in subjects with the Ser/Ser or Ser/Cys allele. These results indicate that insulin sensitivity in normal glucose-tolerant subjects with the hOGG1 Cys/Cys genotype is significantly decreased compared with those subjects with hOGG1 Ser/Ser and Ser/Cys type. Multiple linear regression analysis with HOMA-IR as the dependent variable indicated that the Cys/Cys genotype is significantly associated with the elevation of HOMA-IR in our subjects. This result implies that a link between insulin sensitivity and hOGG1 gene polymorphism might exist in nondiabetic subjects with normal glucose tolerance. Additionally, these results also indicate that the Cys/Cys genotype affects insulin sensitivity in a recessive manner.
Recently, the link between paraoxonase (PON1) gene polymorphism and IR has been demonstrated in nondiabetic subjects (Leviev et al. 2001) . PON1, an HDL-associated enzyme, can protect plasma lipoprotein notably from oxidation. Leviev et al. (2001) reported that the PON1 promoter polymorphism C 107 T was the independent determinant of abnormal fasting plasma glucose concentrations in nondiabetic patients. Furthermore, LL PON1 polymorphism was also found to be significantly associated with severe IR in healthy subjects (Barbieri et al. 2002; Deakin et al. 2002) . These investigations provide evidence to support the possibility that genetic determinant factors associated with oxidative stress might mediate the development of IR. In our study, we found for the first time that the Ser 326 Cys gene polymorphism of hOGG1, a repair enzyme for DNA damage, is associated with a significantly lower level of insulin sensitivity in nondiabetic subjects.
In conclusion, our study demonstrates that the hOGG1 Ser 326 Cys genotype is associated with a significantly higher degree of IR in subjects with normal glucose tolerance.
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